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Introduct ion 

The SYNTHANE process,  developed a t  t he  Pi t tsburgh Energy Research Center, is a 
second generation f lu id i zed  bed gas i f i ca t ion  process capable of producing a high-Btu 
s u b s t i t u t e  n a t u r a l  gas product. 
processes i n  t h a t  t he  coal  is kept i n  a f lu id i zed  s t a t e ,  t he  f l u i d i z i n g  media consis t ing 
of steam and pyrolysis  gases. Ground coal ,  which may be pretreated to  destroy its 
agglomerating propert ies ,  i s  fed t o  the  g a s i f i e r  where i t  reac t s  with steam and 
oxygen. Bed temperatures and product gas composition may be var ied within l i m i t s  by 
the  steam t o  coa l  and oxygen t o  coa l  r a t i o s  employed. Due t o  o v e r a l l  thermal balance 
considerations,  about 70% of t h e  carbon i n  t h e  coa l  is gas i f i ed ,  while the remaining 
carbon and an inorganic res idue is removed from t h e  g a s i f i e r  bottom as  a char product 
which w i l l  be burned i n  a commercial plant .  While much of t h e  coa l  carbon is converted 
t o  CO, COP, and CH4, a small  f r ac t ion ,  amounting t o  about 4% t o  6% of t h e  feed carbon, 
appears a s  l i q u i d  e f f l u e n t  tars and p o t e n t i a l  water po l lu t an t s  from t h e  scrubbed 
product gas. This value a s  found f o r  SYNTHANE is s i m i l a r  i n  magnitude t o  t h a t  reported 
by Ellman et a l .  (1) f o r  t h e  slagging fixed bed g a s i f i c a t i o n  a t  t h e  Grand Forks 
Energy Research Center. It fu r the r  appears t h a t ,  f o r  f l u id i zed  bed gas i f i ca t ion ,  
t h i s  f r ac t ion  of l i qu id  phase carbon may be f u r t h e r  reduced v i a  a l t e r a t i o n  i n  coal  
i n j e c t i o n  geometry (2) and v i a  a l t e r a t i o n s  i n  gas i f i ca t ion  conditions (3). However, 
such a l t e r a t i o n s  ex t r ac t  an economic t o l l  i n  terms of thermal e f f i c i ency  and have n o t  
been f u l l y  evaluated. 

This process d i f f e r s  from f ixed bed or slagging 

While cha rac t e r i za t ion  of components and concentrations of coa l  g a s i f i c a t i o n  
wastewater has  been reported (4,5,6),  l i t t l e  published da ta  exists regarding normalization 
of components of po l lu t an t s  produced per  un i t  coal  gas i f i ed .  Table 1 presents  e f f luen t  
production da ta  f o r  t he  SYNTHANE gas i f i ca t ion  of Montana Rosebud coal  (37 g a s i f i c a t i o n  
runs) ,  I l l i n o i s  16 coal  (27 gas i f i ca t ion  runs),  and North Dakota l i g n i t e  (9 gas i f i ca t ion  
runs) i n  terms of pounds of po l lu t an t s  produced per  ton of coa l  gas i f i ed ,  moisture 
and ash f r e e  (MAF). 
PDU g a s i f i e r  located a t  t he  Pi t tsburgh Energy Research Center. 
analyses were conducted i n  accord with Standard Methods (7).  
from the l i t e r a t u r e  f o r  f ixed bed Lurgi, slagging f ixed bed, and Hygas g a s i f i e r  
e f f l u e n t s  a r e  a l s o  presented i n  Table 1. 

These da t a  w e r e  co l l ec t ed  from the  40 l b  coa l  per hour SYNTHANE 
A l l  environmental 

Data on t h e  same b a s i s  

This t a b l e  shows t h a t  t he  e f f l u e n t  po l lu t an t  component production i s  of a consis tent  
order  of magnitude f o r  t h e  SYNTHANE gas i f i ca t ion  of Montana Rosebud, I l l i n o i s  #6, and 
North Dakota l i g n i t e  coals  with t h e  exception of thiocyanate and cyanide production. 
These components appear t o  be about one order of magnitude g rea t e r  f o r  the gas i f i ca t ion  
of t h e  I l l i n o i s  16 coal  than f o r  t h e  o the r  coals  considered. 

Comparison of published da ta  f o r  the Lurgi, Hygas, and GFERC g a s i f i c a t i o n  
f a c i l i t i e s  i nd ica t e s  t h a t  t h e  Lurgi gas i f i ca t ion  of Rosebud coals  i n  the ex i s t ing  
Lurgi first generation f a c i l i t y  a t  Westfield,  Scotland produced more of each po l lu t ion  
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component than did each of the improved or second generation domestic experimental 
gasification facilities. Comparison of the data for SYNTHANE and Hygas indicates a 
degree of similarity; however, the SYNTHANE data is an averaged composite of many 
runs while the data collected to date for Hygas is from one specific run. 
comparisons, at this time, must be considered as preliminary. 

Thus, Such 

Results and Discussion 

Initial evaluation of raw gasifier water indicated a need for partial removal of 
ammonia and floating oily materials prior to biological processing. 
linkages of suitable SYNTHANE wastewater processing steps with preliminary process 
proof of principle data is discussed by Johnson, et al. ( 4 ) .  In this experimental 
approach, ammonia is reduced from 10,000 mg/l to about 500 mg/l via batchwise air 
stripping at an elevated pH. 
alkalinity of the wastewater reducing the chemical requirements of future pH manipulations. 

An overview of 

This treatment also results in an 80% reduction of the 

The removal of trace suspended oils and tars is accomplished by pH depression 
with sulfuric acid and alum coagulation. 
about 50% of the wastewater oils, grease and tars are removed in this step. Filtration 
of the treated effluent assures no particulate carry-over to the biological reactor. 
In larger scale installations, this filtration step would be replaced by sedimentation, 
sand bed filtration or dissolved air flotation. 

About 20% of the influent soluble TOC and 

Experimental Protocol 

internal clarifiers to provide recirculation of settled bio-sludge. 
accomplished via micro-bellows pumps: The prepared feed for each reactor was kept at 
about 4°C via a large chilled water bath. Appropriate levels of mono and dibasic 
potassium phosphate were then added as nutrients to the feed so that the influent 
TOC/N/P ratios were about 60/6/1 with a buffered pH of about 7.5. However, both 
phosphate and nitrogen were periodically monitored to assure ample supply. 
and effluent samples of each bioreactor were monitored for pH, suspended solids, 
volatile suspended solids (used as a monitor of biomass level), phenolics, biochemical 
oxygen demand (BOD), chemical oxygen demand (COD), and total organic carbon (TOC). 
Both sludge volume index and specific oxygen consumption were monitored once steady 
state was achieved. Prepared feed to the biological reactors was diluted with tap 
water for appropriate kinetic determinations. In most cases, the hydraulic detention 
time was kept at about 1 day while the sludge age and applied organic loading varied 
as independent parameters. 

Continuously operated 7-liter biological reactors were designed with adjustable 
Pumping was 

Influent 

Biological growth kinetic analysis indicates that the net growth rate of biomass 
follows the relationship: 

- =  it uX - bX 
where: u = specific growth rate (day-') 

X = volatile suspended solids (mg/l, a measure of con- 
centration of biological solids) 

b = endogenous decay coefficient (day-') 
t = time 

The specific growth rate (u) is a kinetic function, and is therefore related to 
the nature of the organic substrate, pH, temperature, toxicant levels, limiting 
nutrients, etc. Thus, for conditions where only the organic substrate (S) ambient to 
the organisms is allowed to vary,.with all other parameters essentially constant, we 
may write: 
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where f(S) is a derived k i n e t i c  equation expressing the  r a t e  of biomass growth as a 
function of s u b s t r a t e  concentration. 

The growth of organisms (dX/dt) i s  a l s o  r e l a t ed  t o  the r a t e  of subs t r a t e  u t i l i -  
za t ion  (dS/dt)  by the  r e l a t ionsh ip :  

dX/dt = a(dS/d t )  - b X 3) 

where a = y ie ld  c o e f f i c i e n t  (wt biomass/wt subs t r a t e  used) 

Equation 2 may be wr i t t en  i n  terms of t he  s p e c i f i c  u t i l i z a t i o n  r a t e  of subs t r a t e  
as: 

For aerobic  systems such as those u t i l i z e d  i n  t h i s  research, the  u t i l i z a t i o n  of 
oxygen i s  r e l a t ed  t o  t h e  oxygen required f o r  subs t r a t e  bio-oxidation, and t o  t h e  
oxygen required f o r  maintenance of the  c e l l u l a r  biomass. 
equation may be w r i t t e n  of t he  form: 

Thus, an oxygen u t i l i z a t i o n  

where: a '  = oxygen u t i l i z a t i o n  coe f f i c i en t  (wt 0 / w t  subs t r a t e )  2 
b' = endogenous constant (wt O2 used/wt biomass-day) 

The approach used i n  t h i s  research i s  t o  eva lua te  the  cons tan ts  of Equations 3 
and 4, and determine t h e  func t iona l  form of Equation Za, t he  governing k i n e t i c  equation, 
f o r  severa l  measures o r  bases of organic subs t r a t e  i n  SYNTHANE g a s i f i e r  wastewater. I 
Test Results 

weeks t o  months, dur ing  which time steady s t a t e  was achieved and sus ta ined .  
Each "run" f o r  t h e  continuous b io logica l  r eac to r s  l a s t e d  a period of s eve ra l  

During each run, t h e  feed t o  the major i ty  of the  r eac to r s  was d i lu t ed  with tap 
water t o  15% 2 5% concentration of g a s i f i e r  condensate, the  exact value depending on 
t h e  TOC l e v e l  of t he  s p e c i f i c  wastewater sample. Thus, each da ta  poin t  on Figures 1 
and 2 represents  a sus ta ined  steady s t a t e  condition wi th  in f luen t  feed being composed 
of e f f luent  from a series of Montana coa l  gas i f i ca t ion  runs,  t he  o v e r a l l  i n f luen t  TOC 
being held constant.  Three experimental runs, however, were conducted with undiluted 
g a s i f i e r  water i n  order  t o  determine p o t e n t i a l  devia t ions  from developed bio-kinetics 
a n d ' t o  i l l u s t r a t e  "worst case" conditions f o r  e f f luen t  qua l i t y  s t a b i l i t y .  
po in ts  a r e  a l s o  i d e n t i f i e d  on Figures 1 and 2. 

These 

Analysis of da t a  from the  d i lu t ed  g a s i f i e r  feeds  ind ica ted  t h a t  a f i r s t  order 
re la t ionship  of t h e  form: 

5 )  

d id  not go through t h e  o r ig in .  
f r a c t i o n  of TOC i n  g a s i f i e r  water. 

This ind ica ted  t h e  ex is tence  of a non-degradable 
For the  15% concentrations used, t h i s  value 
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appeared to  be on t h e  o rde r  of about 50 mg/l. 
f i t  a c l a s s i c a l  Monod r e l a t i o n s h i p  ( l o ) ,  modified t o  r e f l e c t  the  non-degradable TOC 
f r a c t i o n ,  of t he  form: 

The set of observed da ta  w a s  found t o  

A TOC 1 = r' (TOC-50) r =  - 
A t X k + (TOC-50) 

where: r' = maximum s p e c i f i c  rate of TOC u t i l i z a t i o n  ( l b  TOC/lb VSS-day) 

r = measured s p e c i f i c  r a t e  of TOC u t i l i z a t i o n  ( lb  TOC/lb VSS-day) 

(TOC-50) = biodegradable l e v e l  of so luble  TOC ambient t o  biomass (mg/l) 

k = constant (mgll) 

The values of  r '  and k may be graphica l ly  determined, using l i n e a r  regress ion  
techniques, by noting t h e  inver ted  or Lineweaver-Burk (10) l i n e a r  form of the  equation 
as:  

k 1  1 l / r  = r, ~ (TOC-50) + 7' 7) 

A p l o t  of l / r  agains t  1/(TOC-50) should y i e ld  a s t r a i g h t  l i n e  i f  t h e  func t iona l  form 
of the  k i n e t i c  equation f i t s  Monod type k ine t i c s .  
determination of such cons tan ts  from s lope  and in t e rcep t  ana lys i s ,  y ie ld ing  t h e  
r e s u l t :  

Figure 1 i l l u s t r a t e s  t h e  graphica l  

A TOC 1 = 0.538 (TOC-50) 
A t X 133 + (TOC-50) 8) 

1 

i 

This equation is p lo t t ed  on Figure 2 with da t a  poin ts  f o r  comparison. It should be 
noted tha t  t he  three  s teady  state values f o r  TOC u t i l i z a t i o n  f o r  t he  r eac to r s  wi th  
undiluted condensate feed  do not  f i t  t he  o v e r a l l  k i n e t i c s  obtained. 
explanation f o r  these  phenomena is  tha t  some t ox ic  i n h i b i t o r  e x i s t s  i n  SYNTHANE p lan t  
wastes i n  concent ra t ions  which become s i g n i f i c a n t  only a t  SYNTHANE condensate concentra- 
t i o n s  stronger than t h e  15% value  used f o r  k i n e t i c  determinations.  Also, one should note 

One poss ib le  

1 
t h a t  t he  nonbiodegradable por t ion  of t he  undiluted condensate would b e  l a r g e r  than 
t h e  50 mg/l value c i t ed .  
TOC concentration of t h e  wastewater and t o  determine if tox ic  i n h i b i t i o n  does e x i s t .  

Inves t iga t ions  are underway t o  quant i fy  the non-biodegradable 

The func t iona l  form of the  k i n e t i c  equation f o r  BOD u t i l i z a t i o n  did not s imi l a r ly  
co r re l a t e  i n  accord w i t h  Monod k ine t i c s .  
BOD from 2 mg/l t o  130 mg/l ,  t he  BOD u t i l i z a t i o n  da ta  b e s t  f i t  t h e  r e l a t ionsh ip :  

Figure 3 ind ica t e s  t h a t ,  f o r  t h e  range of 

- A BOD 1 = 0.182 ( l b  BOD used/lb VSS-day) 9) 
A t  X 

Some s c a t t e r  e x i s t s  i n  t h i s  co r re l a t ion ,  however, i t  should be noted t h a t  BOD measure- 
ments are ,  by na ture  of t he  t e s t ,  subjec t  t o  considerable error and scatter (7) .  

Development of a s u i t a b l e  co r re l a t ion  for s p e c i f i c  phenol u t i l i z a t i o n  r a t e s  from 
g a s i f i e r  water is d i f f i c u l t  since phenol, as measured by Standard Methods .(7), ie a 
color imet r ic  test s e n s i t i v e  to  phenol, c r e so l s ,  and o ther  aromatic hydrocarbons t o  
various degrees. 
s p e c i f i c  u t i l i z a t i o n  rate bes t  appears t o  f i t  t he  r e l a t ionsh ip :  

For phenol l e v e l s  of l e s s  than 5 mg/l, Figure 4 shows t h a t  t he  

A (Phenol) 1 
A t  5 = 0.423 ( P h e n 0 1 ) ~ ' ~ ~  ( l b  phenol used/lbVSS-day) 10) 

This r e l a t ionsh ip  does not appear t o  properly model phenol u t i l i z a t i o n  over an 

180 
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using a continuous equation of t he  form of modified Monod k ine t i c s :  

A (Phenol) 1 = 0.433 ( P h e n 0 1 ) ~ ' ~ ~  
A t  1.02 + ( P h e n ~ l ) ~ . ~ '  

Figure 5, however, a l so  ind ica t e s  t h a t  over t h e  wider range of phenol l e v e l s ,  t h e  
governing k ine t i c  equation f o r  spec i f i c  r a t e s  of phenol u t i l i z a t i o n  may be best 
approximated by a zero order r e l a t ionsh ip  of t he  form: 

( l b  phenol usedl lb  VSS-day) 12) A (Phenol) + = o.433 
A t  

f o r  phenol l eve l s  ambient t o  the organisms g rea t e r  than 10 mg/l, and a f i r s t  order  
r e l a t ionsh ip  f o r  lower phenol l eve l s .  As indicated above, due t o  t h e  non-specif ic i ty  
of t he  Standard Methods ( 7 )  phenol t e s t ,  a mixed model f o r  phenol u t i l i z a t i o n  may be 
expected. It  should a l s o  be an t i c ipa t ed  t h a t  s imi l a r  models based on pure phenol 
bio-degradation would g ive  d i f f e ren t  numerical r e s u l t s .  

Parameters f i t t i n g  t h e  biomass production equation (Equation 3) are developed as 
shown i n  Figure 6. From t h i s  f igure,  i t  may be seen tha t :  a = 0.367 l b  biomass 
produced/lb BOD removed; and the  decay coe f f i c i en t  is: 

Similar curves shown on Figure 7 were developed f o r  oxygen consumption i n  accord 

b = 0.033/day. 

with Equation 4 ,  yielding the  following r e s u l t s  f o r  "a"' and "b"'. 

a '  b '  
endonenous r e s p i r a t i o n  

Substrate  

coe f f i c i en t  
Basis . l b  0, used/ lb  s u b s t r a t e  removed l b  O,/lb VSS-day 

& L 

BOD 

TOC 

COD 

0.747 

1.680 

0.562 

0.110 

0.090 

0.093 

With b iok ine t i c  parameters f o r  s u b s t r a t e  u t i l i z a t i o n  rates and necessary sludge 
production and r e sp i r a t ion  parameters f o r  t he  degradation of SYNTHANE wastes,  process 
design computations f o r  a suspended f i l m  b io log ica l  r eac to r  of t h e  ac t iva t ed  sludge 
type become r o t e  (11). 

Process S t a b i l i t y  Observations 

appl icable  t o  larger-s ize  f a c i l i t i e s ,  s imi l a r  extrapolat ions regarding process s t a b i l i t y  
should not be made. 
quant i ty  f luc tua t ions  due t o  s l i g h t  deviat ions i n  pumping rates, minor laboratory 
temperature va r i a t ions ,  e t c .  
r e l a t i v e l y  greater  magnitude than t h a t  found i n  larger-scale  operat ions.  
example of t he  process s t a b i l i t y  t h a t  might be found i n  a large-scale  treatment 
p l an t ,  Figure 8 i l l u s t r a t e s  a p robab i l i t y  p l o t  of e f f l u e n t  TOC f o r  a one-stage b io log ica l  
r eac to r  with undiluted Montana condensate a s  feed. 
from t h i s  reactor  was  less than 448 mg/l 50% of t h e  time, while t h e  i n f l u e n t  TOC was 
3979 mg/l, indicat ing a process e f f i c i ency  of 89% o r  b e t t e r  50% of t h e  time. 

While k ine t i c  and stochiometric da t a  obtained from laboratory-s ize  r eac to r s  are 

Laboratory-size r eac to r s  demonstrate both e f f l u e n t  qua l i t y  and 

Such unavoidable deviat ions i n  small  equipment i s  of a 
A s  a "worst case" 

For example, the e f f l u e n t  TOC 

An asymptote of about 415 mg/l is evident i n  t h i s  f i gu re ,  i nd ica t ing  t h a t  t h i s  
i s  t h e  approximate l e v e l  of non-biodegradable TOC i n  these  samples of SYNTHANE Montana 
condensate. 
about 50 mg/l i n  a 10% t o  20% concentration of g a s i f i e r  wastewater a s  being the  non- 
biodegradable f r ac t ion .  

This value is i n  f a i r  agreement with the  data  shown i n  Figure 2 ,  indicat ing 
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Summary and Conclusions 

1) Data is presented on a normalized b a s i s  f o r  key pol lu tan t  parameters from the  
S m W E  gas i f i ca t ion  of Montana Rosebud, I l l i n o i s  116, and North Dakota l i g n i t e  
coals.  These values a r e  of t he  same order  of magnitude a s  ex i s t ing  l imi ted  published 
da ta  from other second generation gas i f i ca t ion  f a c i l i t i e s ,  and less than t h a t  from 
t h e  Westfield, Scotland Lurgi gas i f i ca t ion  of Rosebud coa ls .  

2)  Biological k ine t i c  parameters, sludge production parameters, and oxygen u t i l i z a t i o n  
parameters a r e  es tab l i shed  f o r  t he  ac t iva ted  sludge treatment of wastewater from the  
SmHANE gas i f i ca t ion  of Montana Rosebud coal.  The following represent  equations of 
bes t  f i t  f o r  t he  b iokine t ics  of ac t iva t ed  sludge treatment of d i lu t ed  wastewaters 
from the SYNTHANE gas i f i ca t ion  of Rosebud coal:  

a )  Basis f o r  Spec i f ic  
U t i l i za t ion  (r) Equation Comments 

l b  TOC/lb-VSS-day r =  0.538(TOC-50) TOC < 800 mg/l 133 + (TOC-50) 

l b  BOD/lb-VSS-day r = 0.182  BOD)'"'^ BOD < 130 mg/l 

l b  Phenol/lb-VSS-day r = 
0.58 
o.58 Phenol < 80 mg/l 0.433 (Phenol) 

1.02 + (Phenol) 

BOD sludge y i e ld  coe f f i c i en t  of 0.37 l b  VSS/lb BOD and decay c o e f f i c i e n t  of 

Oxygen u t i l i z a t i o n  coe f f i c i en t s  are:  1.68 l b  02/ lb  TOC, 0.747 l b  OZ/lb BOD, and 

b) 
0.033/day. 

c )  
0.562 l b  OZ/lb COD with an endogenous r e sp i r a t ion  coe f f i c i en t  of 0.093 l b  02 / lb  VSS- 
day. 

3) 
condensate i s  not b io logica l ly  degradable. This may correspond t o  about 400 100 
mg/l TOC f o r  such wastewaters. 

4 )  Based on experimental observations from t h e  b io logica l  treatment of Montana 
Rosebud condensates, a one-stage aerobic  b io log ica l  reac tor  with sludge age of 10 
days and hydraulic de ten t ion  t i m e  of about 1 day is capable of t r e a t i n g  SYNTHANE by- 
product wastewater. 

5) 
of SYNTHANE g a s i f i e r  water, and is probably appl icable  t o  o ther  f i r s t  and second 
generation gas i f i ca t ion  wastewaters. 
remove a l l  organics from g a s i f i e r  wastewater. 
of t h e  chemical na ture  and po ten t i a l  processes f o r  fu r the r  treatment of t h e  b io logica l ly  
t r ea t ed  e f f luen t  i s  an a rea  of high p r i o r i t y .  

About 12X of t h e  TOC i n  the  feed t o  b io log ica l  r eac to r s  from Montana g a s i f i e r  

Biological processing should have a major r o l e  i n  t h e  water po l lu t ion  abatement 

Bio logica l  processing cannot, however, completely 
Research seeking answers to  questions 
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